By employing a combination of time-domain measurements and numerical calculations, we demonstrate that the semiconductor InSb supports a strongly confined surface plasmon ͑SP͒ in the terahertz frequency range. We show that these SPs can be used to enhance the light-matter interaction with dielectric layers above the semiconductor surface, thereby allowing us to detect the presence of polystyrene layers around 1000 times thinner than the free space wavelength of the terahertz light. Finally we discuss the viability of using semiconductor SPs for the purposes of terahertz sensing and spectroscopy. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3049350͔ Due to its nonionizing nature and the distinctive optical response of many molecules in the terahertz frequency range, there has been much recent interest in using terahertz radiation for chemical and biological analysis.
Due to its nonionizing nature and the distinctive optical response of many molecules in the terahertz frequency range, there has been much recent interest in using terahertz radiation for chemical and biological analysis. [1] [2] [3] However, with terahertz wavelengths ranging from 100 to 1000 m, the diffraction limit for this long wavelength light means that it is difficult to measure small volume samples. Recent work [4] [5] [6] has demonstrated that by propagating terahertz radiation along a metallic surface or waveguide it is possible to detect the presence of thin dielectric layers on the metal surface by allowing the terahertz surface wave to traverse a greater length of analyte. The effectiveness of this type of measurement geometry has recently been demonstrated by the development of a terahertz biosensor for DNA binding. 7 Near the surface plasma frequency of a conductor ͑typi-cally in the UV/visible spectral region for most metals͒ a propagating surface plasmon ͑SP͒ can exhibit subwavelength confinement of electric field in the direction normal to a conductor-dielectric interface. 8 This subwavelength field distribution enhances light-matter interactions with material in the region above the conductor surface-a property which has been utilized in the development of SP biosensors. 9, 10 In contrast, at frequencies well below the metal plasma frequency, SPs exhibit very weak field confinement.
11 Semiconductors, on the other hand, exhibit a plasma frequency that depends on the conduction band electron density, so that the properties of semiconductor SPs can be tailored within the terahertz frequency range through doping 12 and photoexcitation. 13 In particular, narrow gap semiconductors such as InSb have an intrinsic electron density appropriate for supporting low loss, highly confined terahertz SPs at room temperature. 14, 15 Indeed, the dielectric function of InSb in the terahertz frequency range 14 is remarkably similar to that of plasmon supporting metals such as gold and silver in the UV/visible frequency range. 16 In this paper we present phase-resolved measurements which demonstrate that it is possible to determine the optical properties of a submicron sized dielectric layer above an InSb surface using a propagating SP. We show that the SP on InSb is significantly more sensitive to the dielectric layer than surface modes supported on a gold substrate. Moreover, we show that the sensitivity to the dielectric analyte increases significantly as one approaches the surface plasma frequency of InSb. We discuss potential applications of terahertz semiconductor SPs for the measurement of analytes of subwavelength dimensions.
We wafers ͑Ref. 14͒, which have a specified dc conductivity at 77 K of 2400 S m −1 . The surface plasma frequency 20 SP ͑defined as the highfrequency cutoff for a SP propagating on a conductor-air interface͒, occurring when the real part of c is −1, is approximately 1.7 THz in InSb.
14 Near SP , the electric field associated with the SP decays very quickly into the dielectric region above the surface ͓Fig. 1͑a͔͒: in contrast to gold, the SP propagating on an InSb-air interface at 1.2 THz has a decay length into the air of only 178 m, less than 70% of the wavelength of free space radiation and two orders of magnitude smaller than the decay length for the surface mode on gold. We show below that this strong confinement of the electric field near the InSb surface enhances the lightmatter interaction in the region near the surface. The imaginary component of InSb dielectric function is low throughout the terahertz range, resulting in a long propagation length 20 for the SP.
We spin coat gold and InSb substrates with thin layers of polystyrene from a solution in methoxybenzene. The layer thickness is measured using a surface profiler. We determine the dispersion of the surface modes using a terahertz timedomain spectrometer ͑with bandwidth of 0.2-2 THz͒ similar to that described in Ref. 14, flushed with dry air to minimize absorption of the terahertz radiation by water. A schematic of the measurement geometry is shown as in Fig. 1͑b͒ . In our experiment we couple to the surface modes on the coated gold and InSb substrates by scattering a focused TM polarized terahertz pulse through a 300 m wide slit aperture formed between the InSb surface and a steel blade. Using a second blade aperture placed 1 cm along the surface from the input coupling blade, we couple the surface mode back to freely propagating radiation, which is then measured in the far field. Time-domain electric field profiles of transmitted terahertz pulses are converted by means of a fast Fourier transform to complex transmission spectra A͑͒e i͑͒ , containing both the amplitude A and phase of each frequency component. Normalizing these transmission spectra against a reference spectrum ͑i.e., of a substrate without dielectric layer͒ yields the analyte-induced change in phase across the sample, ⌬. This corresponds to a change in wave number given by ⌬k = ⌬ / l, where l is the propagation length between the blades ͑1 cm͒. The size of phase shift measured is determined by the distance which the SP propagates through the analyte, while the upper limit of the measurable frequency range is determined by the propagation length of the SP upon approaching SP . The propagation length of 1 cm is chosen such that the size of phase shift at frequencies below the upper limit is measurable for the thinnest polymer films, while simultaneously ensuring that the upper limit is well into the terahertz frequency range.
In Fig. 2 the data points represent ⌬k measured for several thicknesses of polymer layer on InSb ͓Fig. 2͑a͔͒ and gold ͓Fig. 2͑b͔͒ substrates, respectively. First, as expected, the phase shifts are larger for thicker polymer films. The measured wave number shifts for polymer covered InSb substrates are clearly larger than for the gold substrates. Furthermore, for the InSb samples we can see a clear trend with ⌬k increasing considerably on approaching the surface plasma frequency of the InSb. At 1.2 THz ⌬k is typically twice as large as those for a similar polymer film on the gold substrate.
It is possible to determine the wave number of the SP mode for such a three-layer system 21 analytically through the solution of the simple expression found in Eq. ͑12͒ of Ref. 22 . Taking this expression we find the SP wave number ͑k͒ using the Drude model for the permittivity of the conductor. We then normalize the wave number in the same manner as the experiment, i.e., we find ⌬k = k poly − k air , where k air is the wave number of a SP on an uncoated substrate and k poly is the wave number with a dielectric coating. The best fits as determined by a minimization of the least-squares errors between experiment and analytical solution are plotted as solid lines in Fig. 2͑a͒ . Fits are restricted to polystyrene permittivities in the range of 2.5Յ p Յ 3.5. For InSb substrates, the calculated and measured wave number changes agree fairly well with a dielectric constant of the polystyrene layer of p = 2.9Ϯ 0.2. The maximum deviation between experimental results and the fits is 35 m −1 on the 4 m film at 1.2 THz. By analyzing the spectral amplitude of the experimental signal with the loss predicted by the analytical model, we ascertain that for this material, the imaginary component of p is negligible ͑Ͻ0.1͒ in the terahertz frequency range. The value of p and the absence of absorption found from these fits agree with the results of direct terahertz transmission measurements on 2 mm thick samples of polystyrene.
The results of the analytical model for polystyrene layers on gold substrates are plotted in the inset of Fig. 2͑b͒ ; the calculated shifts are more than an order of magnitude smaller than those found for the InSb substrate in Fig. 2͑a͒ . This highlights the greater sensitivity to dielectric analyte expected for a SP on InSb compared to the surface eigenmode on gold. However, it should be noted that the shifts in wave number that we find from our measurements on gold ͓main panel of Fig. 2͑b͔͒ are considerably larger than those pre- dicted by the analytical model ͓inset in Fig. 2͑b͔͒ . This suggests that for the gold substrates, we do not experimentally interrogate the eigenmode of the system. Indeed, this is clear when we consider the length scales involved in the experiment: since the electric field of the eigenmode is expected to decay over several centimeters in the direction normal to the surface, we will not excite the gold surface eigenmode over the finite lateral propagation length ͑1 cm͒ from our small coupling aperture ͑300 m͒. Contrary to previous claims, 5 the terahertz aperture coupling technique as presented here and elsewhere 23 will not, therefore, interrogate the SP mode of a planar metal surface. Instead, the measurement will be very sensitive to the phase of the diffracted field from our input-coupling aperture. In order to properly simulate the complete system including the coupling elements, we carry out a full finite element method numerical model. 24 In order to reduce computational overheads the model is approximated to be semi-infinite in the plane orthogonal to the propagation direction ͓i.e., into the plane of the page of Fig.  1͑b͔͒ . While computationally demanding, the results of this numerical model ͓dashed lines in Fig. 2͑b͔͒ are much closer to our measured gold data than the analytical solution. The largest deviation between model and experiment is of size 65 m −1 . We find that the numerical model is very sensitive to the precise size and shape of the coupling apertures; we therefore attribute the remaining discrepancies between the numerical model and data to the limited precision with which the experimental configuration can be reproduced in our computer model. On the other hand, analytical modeling is clearly adequate to reproduce the measured phase shifts induced in the surface eigenmode on an InSb substrate. For these substrates, the confinement of SP electric field on InSb ͑decay length 20 of 178 m at 1.2 THz͒ means that the scattered radiation from the input coupling aperture can efficiently couple well to the surface eigenmode within the 1 cm propagation distance of our experiment.
The aperture coupling technique that we employ here allows the interrogation of terahertz optical properties over a broad frequency range using a simple analytical formula for evaluation. By combining both amplitude and phase measurements, a complete characterization of the optical properties of other analytes, such as those of interest in biological or chemical studies, is therefore possible. Biological analytes, which typically contain water and other polar molecules, are generally characterized by terahertz dielectric functions with a large imaginary component ͑for example, the imaginary component of the permittivity of bulk water 25 at 1 THz is approximately 9.80͒. Using our analytical model, we can evaluate the effects of an absorbing analyte by finding the wave number and propagation length for a 500 nm analyte layer with dielectric function of p = 2.9+ 5i. The results of these calculations indicate only a slight increase in the wave number shift above that for a nonabsorbing analyte. More interestingly, an absorbing dielectric layer will lead to a significant drop in the propagation length of the SP. The drop in propagation length is calculated to be between 15% ͑at 0.4 THz͒ and 28% ͑at 1.2 THz͒-the drop in propagation length increases approaching the surface plasma frequency of InSb. An absorbing analyte will therefore be more readily identified ͑and in smaller volumes͒ than a nonabsorbing analyte; further calculations indicate that a film of absorbing analyte as thin as 50 nm will induce a readily measurable change in propagation length of 4.8% at 1.2 THz.
In conclusion, our results demonstrate that it is possible to use semiconductor SPs to interrogate the terahertz optical properties of thin film analytes. We show that it is possible to measure the dielectric properties of low index films of thickness almost three orders of magnitude smaller than the wavelength of freely propagating radiation. We show that by combining the amplitude and phase information in a measurement, the complete dielectric response of such a thin film can be extracted from simple analytical formulations. 
